Heavy metals in seawater, river water, sediments and soils are now being thoroughly studied all over the world with the goal to establish the extent of pollution, to find processes suitable for cleaning heavily polluted areas and to develop measures for preventing further pollution.
Environmental studies on cadmium are usually concerned with its toxicity. Acute and chronic intoxication by heavy metals is well documented. Their effects are described at the clinical and, when possible, at the biochemical levels. Cadmium shows its toxicity by inhibiting respiration for α-oxoglutarate and pyruvate, 1 and by causing kidney problems, anemia and bone-marrow disorders. 2 Many ion-selective electrodes selective for cadmium [3] [4] [5] [6] have been reported, but none of these are sufficiently selective for Cd 2+ ions, and suffer interference by Ag + , Cu 2+ , Zn 2+ , Hg 2+ and Fe 3+ . Gupta et al. have reported sensors for the Cd 2+ ions based on monoaza-18-crown-6 7 and dicyclohexano-18-crown-6 8 in a PVC matrix. We have also reported a polystyrene-based membrane electrode 9 for Cd 2+ ions based on Bz2Oxo4(18)N4 having a Nernstian slope, but with a linearity range of only 2.51 × 10 -5 -1.00 × 10 -1 M. In this paper we report on a highly selective and sensitive Cd 2+ -selective electrode for the fast monitoring of Cd 2+ ions. It has also been successfully used in the analysis of real samples.
Experimental
All the reagents and chemicals used were of analytical grade. Cd(NO3)2 was used as cadmium salt to study the membrane sensor. Double-distilled water was used to prepare solutions of metal salts of different concentrations by diluting stock standard solutions (0.1 M). High molecular mass PVC was obtained from Aldrich (USA), sodium tetraphenylborate (NaTPB) from BDH (UK), dibutyl(butyl)phosphonate (DBBP) from Mobile (USA), dibutylphthalate (DBP) from Reidel (India) and tributyl phosphate (TBP) and tris(2-ethylhexyl) phosphate (TEHP) from BDH. These were used without purification.
Synthesis of macrocycle
The macrocycle 3,4:11,12-dibenzo-1,6,9,14-tetraazacyclohexadecane [Bz2(16)aneN4] was prepared by a previously described method. 10 
Preparation of membrane
The membranes were prepared by dissolving the ionophore (4 mg), an anion excluder (NaTPB (2 mg)), solvent mediators (DBP, DBBP, TEHP and TBP (120 mg)) and an appropriate amount of PVC (50 mg) in tetrahydrofuran (THF (8 -10 ml)). The resulting homogeneous mixture was poured into polyacrylate rings and placed on a smooth glass plate. THF was allowed to slowly evaporate at room temperature. The thusobtained membranes were detached from the glass plate, cut to a suitable size and glued to one end of a "Pyrex" glass tube with araldite.
Potential measurements
Potential measurements were carried out at 25 ± 0.1˚C. The membranes were equilibrated for 2 -3 days in a 1.00 M Cd(NO3)2 solution, and the potentials were measured using PVC matrix membranes in conjunction with a saturated calomel A poly(vinyl chloride)-based membrane of 3,4:11,12-dibenzo-1,6,9,14-tetraazacyclohexadecane with sodium tetraphenyl borate (NaTPB) as an anion excluder and dibutylphthalate (DBP), dibutyl(butyl)phosphonate (DBBP), tris(2-ethylhexyl)phosphate (TEHP) and tributyl phosphate (TBP) as a plasticizing solvent mediator was prepared and investigated as a Cd 2+ -selective electrode. The best performance was observed with the membrane having a ligand-PVC-DBP-NaTPB composition of 2:25:60:1, which worked well over a wide concentration range (1.6 × 10 -6 -1.0 × 10 -1 M) with a Nernstian slope of 29.5 mV per decade of activity between pH 2.0 -6.0. This electrode showed a fast response time of 13 s and was used over a period of 4 months with good reproducibility (S = 0.4 mV). The selectivity coefficient for mono-, di-and trivalent cations indicated excellent selectivity for Cd 2+ ions over a large number of cations. Anions such as NO3 -and SO4 2-, did not interfere. The membrane sensor has been successfully used to determine Cd 2+ in real samples.
Results and Discussion
The optimum conditions for the best performance of the Cd 2+ -selective electrode, based on a macrocyclic ligand membrane, were investigated systematically. The composition of PVCbased membranes of macrocycle [Bz2(16)aneN4] was optimized by varying the ratio of the macrocycle and PVC so as to achieve a membrane that showed a satisfactory performance with regard to the working concentration range, slope and response time. It was found that the membrane incorporating ionophore, anion discriminator (NaTPB) and PVC in the ratio 4:2:50 (w/w) gave the best response. In view of the fact that the selectivity and sensitivity obtained for a given membrane depended on its composition, solvent mediators, such as DBP, DBBP, TEHP and TBP, were tried (Fig. 1) .
The macrocycle [Bz2(16)aneN4]-based membrane showed linearity in the concentration range 1.41 × 10 -5 -1.0 × 10 -1 M with a slope of 39.5 mV per decade of activity without any solvent mediator. However, with the addition of a solvent mediator (DBP, DBBP, TEHP and TBP) it was observed that the addition of DBBP, TEHP and TBP did not lead to a significant improvement in the working concentration range, whereas DBP enhanced it to 1.58 × 10 -6 -1.0 × 10 -1 M with a slope of 29.5 mV per decade of concentration. The best performance of all the membrane electrodes was exhibited by the membrane with macrocyclic ligand (PVC, DBP and NaTPB) in the ratio 2:25:60:1 with a fast response time of 13 s.
Hence, this particular membrane was studied in detail as a Cd 2+ -selective electrode. Repeated monitoring of the potentials (20 measurements) on the same portion of the sample gave a standard deviation of ± 0.4 mV per decade of activity.
The response time was recorded according to the IUPAC recommendation. 11 An electrode having a membrane without a solvent mediator gave a steady response time of 30 s, whereas after adding solvent mediators (DBP, DBBP, TEHP and TBP) the electrode achieved an equilibrium response within 12 -20 s over the whole concentration range. The best response time (13 s) was obtained by the membrane incorporating DBP as the solvent mediator. The potentials were measured periodically, and the standard deviation of 20 identical measurements was 0.3 mV.
The main factor for the limited lifetime of the sensor was the loss of ionophore. The sensor had a lifetime of more than four months without significant change in the potentials. That the electrochemical behavior of the electrode gradually deteriorated after 120 d can be attributed to aging of the polymer (PVC), plasticizer and ionophore (macrocyclic ligand). 12 The pH dependence of the electrode potential was tested over the pH range 1.0 -8.0 for 1.0 × 10 -2 mol L -1 and 1.0 × 10 -3 mol L -1 for Cd 2+ ions. The pH was adjusted with a nitric acid or ammonia solution. The potential was independent in the 2.5 -6.0 range (Fig. 2) , and the same values could be taken as the working pH range of the electrode assembly.
The selectivity coefficient values were evaluated by a modified fixed-interference method 13 at a 1.0 × 10 -2 mol L -1 concentration of the interfering ions. The values of the selectivity coefficients are given in Table 1 . The values indicate that the electrode was selective to Cd 2+ over a number of other cations. Hence, these are not expected to interfere even at this higher concentration level (1.0 × 10 -2 mol L -1 ) of the interfering ions. Further, to investigate the effect of anions, the cell potentials were obtained using cadmium sulfate. No significant changes in the working concentration ranges and slope were observed, indicating that these anions (NO3 -and SO4 2-) did not cause any interference.
The membrane sensor has been successfully used for determining cadmium in effluent water from a local river (Hindon), which is polluted because of various industries The samples were collected by a routine technique and preserved with HNO3, stored in glass bottles and analyzed within 12 h after collection. They were also analyzed by the proposed membrane sensor under identical conditions a number of times to assess the reliability of the results. Because the samples contained particulate matter, they were centrifuged and the potentials were measured after adjusting the pH with HNO3/NH3. The amounts of Cd 2+ determined with the help of the sensor under investigation are given in 
